In this paper, novel techniques for the testing and identification of lumped parameters of equivalent circuits for Ethernet transformers are presented. It is demonstrated experimentally and theoretically that resonance phenomena may occur in the loop formed by leakage inductances and cross-winding capacitance. This resonance may corrupt the pass band of the transformers transfer characteristic for differential-mode signals.
I. INTRODUCTION

E
THERNET transformers (ETs) are widely used as key elements for interfacing communication networks with computers. The main function of ETs are to suppress common-mode signals and transmit differential-mode signals in the high-frequency range (0.1 MHz-1 GHz) with minimal distortions. To achieve these functions, the design of ETs appreciably deviates from the design of conventional transformers [1] - [3] . In conventional transformers, the primary and secondary windings are separately wound and displaced with respect to one another. These windings have different numbers of turns to step up (or step down) the voltage or for impedance matching purposes. In wideband ETs, on the other hand, the primary and secondary windings usually have the same number of turns and they are wound together around ferrite cores that have low losses in the desired high-frequency range. This winding arrangement is done on purpose to minimize leakage inductances of these windings in order to achieve flat transfer characteristics of these transformers in the desired high-frequency range. The close proximity of the primary and secondary windings results in the appreciable cross-winding capacitance, which may be beneficial to the bandwidth of transfer characteristics at very high frequencies. On the other hand, this cross-winding capacitance serves as a channel for common-mode signals (noise). To suppress this channel, the midpoints of the primary and secondary windings of ETs are grounded and common-mode noise chokes are used. This paper deals with characterization and testing of ETs. The main emphasis in the paper is on the modeling and empirical identification of lumped parameters of equivalent circuits for differential-mode signals. It is expected that the lumped parameter equivalent circuit is accurate in the low-frequency part of the differential-mode pass band where the magnetic coupling dominates the cross-winding capacitance coupling. This 
II. TECHNICAL DISCUSSION
To start the discussion, consider first the coupled circuit equations for ETs. The primary and secondary terminal voltages of these transformers have three distinct components: voltage drops due to resistances of primary and secondary windings, voltage drops due to leakage inductances of primary and secondary windings, and voltages induced in the primary and secondary windings by the time varying flux in the ferrite core. By taking into account that primary and secondary windings of ETs are practically identical, this can be expressed mathematically as follows: (1) Here, and are the phasors of the primary and secondary voltages, and are the phasors of the primary and secondary currents, and are resistance and leakage reactance of the windings, respectively, while is the phasor of the voltage induced in each winding by the flux formed by the magnetic field lines entirely confined to the ferrite core. We will next derive the expression for . By using Ampere's law and usual reasoning, we obtain (3) where is an average length of the ferrite core and is the number of turns of each winding. By multiplying (3) by the complex magnetic permeability of the ferrite core, by the cross-sectional area of the core and by , we arrive at the expression for the flux linkages of the primary and secondary windings (4) By using the last formula, we find that (5) where (6) (7) By substituting (5) and (6) into (1), we arrive at the following form of the coupled circuit equation:
It is apparent that (10) and (11) coincide with the Kirchoff voltage law (KVL) equations for the electric circuit shown in Fig. 1 . In this sense, this circuit can be construed as an equivalent circuit for ETs. This circuit also contains the cross-winding capacitance which is quite pronounced for ETs due to the intertwined nature of the primary and secondary windings. There are also intrawinding capacitances that must be placed across the terminals of the primary and secondary windings, respectively. The and in Fig. 1 can be replaced by the equivalent resistance and inductance connected in parallel. In this case, and are related to and by (10) By using (7) in (10), the following expressions for and are obtained:
(11) Next we consider the experimental identification of and by using only peak value voltage measurements. This can be accomplished by using the so-called quasi-open circuit test (QOCT) in which the terminals of the secondary windings are open, while the primary winding is connected to a voltage source through two known resistances connected in series. Since and , this test can be represented by a circuit shown in Fig. 2(a) . We intend to demonstrate that and can be found by using the measurements of peak values of voltages , , and . To this end, consider the phasor diagram (see Fig. 2 ) for the circuit shown in Fig. 2(a) Thus, by using the measured values of , , and and (15)-(17) and (19), the values of and can be found at any frequency at which the measurements are performed. By recalling (7), we can determine, in this way, the dispersion relations and . The experimental results for and are shown in Fig. 3 . It is apparent from this figure and (8) and (9) that exhibits resonance behavior above 100 kHz, while assumes its maximum value at about 800 kHz. This is consistent with experiments reported in [4]- [6] .
Next we will discuss the experimental identification of leakage inductance , by assuming that the direct current (dc) winding resistance has been measured and is known. This resistance may change with frequency due to the skin effect. These changes can be easily accounted for by using the analytical expression for the ac resistance in terms of Bessel functions. The experimental identification of leakage inductance can be performed by using the so-called quasi-short circuit test (QSCT). In this test, the terminals of the secondary winding are connected to a known small (approximately equal to ) load resistance . Since the load resistance is small, it shunts the branch which, consequently, can be neglected. The cross-winding capacitance can be neglected if the test is performed for relatively low frequencies. Thus, we arrive at the electric circuit shown in Fig. 4(a) . The corresponding phasor diagram is shown in Fig. 4(b) . From this diagram, we find (20) In addition, the following equalities are valid: Thus, by measuring the peak values of voltages and and by using (22), we can find the leakage inductance . The experimental results for in the frequency range 3-6 MHz are practically constant and equal to 160 nH. The QSCT can be further modified to determine the cross-winding capacitance . In this modification, the test is performed for sufficiently high frequencies, and peak values of voltages and [see Fig. 5(a) ] are measured.
The phasor diagram corresponding to the circuit shown in Fig. 5(a) is given in Fig. 5(b) , where two equal angles are identified. It follows from the above phasor diagram that By using the last equation, the cross-winding capacitance can be determined. It turns out that this cross-winding capacitance can be also determined from the observation of resonance in the loop formed by the cross-winding capacitance and leakage inductances (see Fig. 1 ).
There are two possible scenarios for the manifestation of this resonance. In the first scenario, the impedance due to the secondary intrawinding capacitance is much larger than the impedance of the branch and can be neglected. In this case, the resonance occurs in the loop formed by the parallel branches connected to the nodes 1 and 2. In the second scenario, the impedance of the branch is much larger than the impedance of the secondary intrawinding capacitance and the former can be neglected. In this scenario, the resonance occurs in the loop formed by the parallel branches connected to the nodes 1 and 3. It turns out that, due to the smallness of , the resonance frequencies for these two scenarios are practically the same and given by (26)
At the resonance frequencies, the total impedance of parallel branches is purely resistive and, with high accuracy, it is given by and (
For the typical case of sufficiently small and , the resonance value of the impedance can be quite large and comparable to the impedance of the branch or the impedance due to . This may result in the dip of the peak value of and, consequently, in the dip of the measured transfer characteristics. This resonance dip may be enhanced by the decrease in due to the decrease in in the frequency range around . The performed calculations have shown that the experimental data is better replicated by the second scenario and that the secondary intrawinding capacitance may have the profound effect on the transfer characteristics near the resonance frequency. In our experimental studies, we did observe that some Ethernet transformers exhibit strong resonance behavior around 60 MHz (see Fig. 6 ), which corrupts the pass band of the transfer characteristics. Similar resonance behavior of transfer characteristics of the Ethernet transformer (see Fig. 6 ) is predicted by the equivalent circuit shown in Fig. 1 . This transfer characteristic was computed by using the cross-winding capacitance 20 pF identified through (26) and the intrawinding capacitance 2 pF identified through numerous simulations to achieve the matching of the spike and dip in the transfer characteristics near the resonance.
